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Abstract—The design of a Ka-band gyrotron traveling wave
tube (TWT) amplifier capable of operating over a wide range of
peak powers and bandwidths is presented. The amplifier operates
in the TE;; mode at the fundamental cyclotron harmonic. Instan-
taneous bandwidths in the range of 2.5 to 3.9 GHz (at 1 dB below
saturation) with corresponding peak powers between 92.2 and 57.9
kW can be achieved by simply adjusting the mod-anode voltage of

the electron gun. The corresponding gains range from 57.1 to 36.0-
dB. The design performance is obtained with a high quality, 6 A,
70 kV electron beam generated with a double-anode magnetron *

injection gun. This wide range performance capability in the

design is achieved via the use of the distributed loss approach in . . : . g
.. width potential. However, for many years, spurious oscillations
A diffractive loading scheme is employed in the lossy section of the

the interacting circuit, which also guarantees zero-drive stability.

circuit to ensure high average power operation of the amplifier.

Index Terms—Gyro-amphfiers, gyrotron travehng wave tube,
magnetron injection gun, radars.

" 1. INTRODUCTION
XTENDING the bandwidth and average power capability

-of vacuum electron devices for the next generation of

millimeter wave radars is a major research goal at the Naval
Research Laboratory. Gyro-amplifiers such as the gyroklystron
and gyrotron traveling wave tube (gyro-TWT) appear to be ideal
- candidates for this purpose due to their high power handling
capability (at high frequency) relative to their conventional
counterparts, i.e., klystrons [1], [2] and coupled-cavity TWTs
[3]. This paper presents the design of a high-average power com-
- patible, Ka-band gyro-TWT. This amplifier design employs the
~circular TE;; mode and operates at the fundamental cyclotron
harmonic. The device is intended to serve as the transmitter
power amplifier in radar systems used for a variety of applica-
tions, such as precision tracking and high-resolution imaging,
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etc. These diverse applications have somewhat different require-

/ments in terms of power and bandwidth. Consequently, from a
_system point of view, it is often desirable to have a high power

amplifier that can provide the capability for tailoring the rf char-

- acteristics to specific applications. This is the goal of the present
. amplifier design. In addition to the power-bandwidth extensions,
_ gain flatness across the band is also a consideration for some -

- applications which require a 1 dB bandwrdth specrﬁcatlon rather

than the commonly used 3 dB bandwidth. -
Gyro-TWT amplifiers are well known’ for their wide band-

have been a major obstacle in achieving the high gain and high

© power potential in gyro-TWTs. These oscillations include the
absolute instability at the cutoff frequency of the operating mode,
~ reflective oscillations due to gain exceeding circuit roundtrip

return loss, and harmonic gyrotron backward wave oscillations
(gyro-BWOs). There is a vast literature associated with the sup-
pression of these oscillations in the development of gyro-TWTs.
We refer the readers to the most recent review articles by Granat-
stein et al. [4], Chu et al. [5], Felch et al. [6], and Nusinovich [7] .
for more details. Through the course of gyro-TWT development,
it was found that the limitation imposed by spurious oscillations
could be somewhat alleviated with the use of severs [8]-[10].
In severed gyro-TWTs, the interaction circuit is divided into
sections separated by attenuating severs, where each section

- length is kept below the start-oscillation threshold. However, the

gain is still limited due to gyro-BWOs, since the sections are still
coupled via the electron beam. Recently, due to the pioneering
work of Chu et al. [11] at the National Tsing Hua University,
Taiwan, this limitation has been essentially removed via the use
of adistributed-loss circuit, which consists of a long lossy section
combined with a short conducting-wall section at the output
end of the device. A saturated gain of 70 dB with 93 kW peak
power has been experimentally demonstrated in a fundamental
harmonic TE;; gyro-TWT using a 3.5 A, 100 kV electron beam
with a beam velocity ratio of 1.0. This gain is a 30 dB improve-
ment over that of severed gyro-TWTs.[10], and the device is still

zero-drive stable. The superiority in gain and stability afforded
_ by the.distributed-loss approach provides the necessary margin

for the trade-off between gain, bandwidth, and gain flatness
called for by the design goal. Thus, the distributed-loss approach
is employed in the present amplifier design.

II. AMPLIFIER DESIGN

~ The design study was performed with the seif-consistent,
time-dependent, quasi-three-dimensional code, MAGY [12].
MAGY is a versatile design tool and has been used to perform
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. Fig. 1. Comparison between MAGY (solid line) and linear theory (dot) for (a)
" spatial gain at 34 GHz and (b) total gain for TE;; mode in a lossless waveguide
of 8 cm long. Beam current, voltage, and velocity ratio are 2.5 A, 65 kV, and. -

1.0, respectively. Beam guiding center is at 0.35 of waveguide radius (0.2655
cm). Magnetic field is 12.341 kG. .

~ both stability and large signal analyzes. It has been successfully

used to design and model gyroklystron ampliﬁers [13], [14].

‘To validate the utility of the code for gyro-TWT amplifier

design, a battery of simulations was performed for comparison
with linear theory predictions. The linear theory prediction
is obtained via numerical solutions of the dispersion relation
derived by Chu and Lin [15] and later extended by Kuo e? al.,
to include finite boundary conditions [16]. Shown in Fig. 1(a)
is a typical comparison between the MAGY predicted linear
growth versus axial distance and the linear theory prediction
for the TE;; mode in a lossless smooth waveguide. The total
linear gain for an interaction'length of 8 cm is also illustrated
in Fig. 1(b). Excellent agreement is evident.

As previously mentioned, harmonic gyro-BWOs are a serious
concern in the realization of gyro-TWTs. For TE;; gyro-TWT
amplifiers, the most troublesome is the second harmonic, TEy;
gyro-BWO mode [10]. Shown in Fig. 2(a) and (b) are the par-
ticle trajectories and power profile as a function of axial dis-
tance for the TE2; second harmonic gyro-BWO from a MAGY
simulation. Note, in particular, the formation of two separated
bunches (characteristic of the second harmonic interaction) and
the backward. flow of the rf power relative to the beam propa-
gation direction. The output power as a function of interaction

length is illustrated by Fig. 2(c). This figure indicates that the -

start oscillation critical length for this mode is at 5.2 cm, which

_compares well with the linear theory prediction of 5.1 cm. These
" examples illustrate the utility of MAGY as an appropriate design

tool in this application. . o
. The capability of MAGY to accurately predict the start oscilla-
tion threshold is critical in designing distributed loss gyro-TWT
amplifiers. Unlike severed gyro-TWTs where the beam is the
only means of communication between the stages, in distributed
loss gyro-TWT amplifiers the rf can also communicate between
the loaded and unloaded sections. Thus, the stability analysis in
distributed loss gyro-TWTs must be considered on a global scale.
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Fig. 2. MAGY simulation of the second harmonic TE5; gyro-BWO (~57
GHz) in alossless waveguide (a) particle trajectories, (b) spatial power profile in
a7 cm circuit, and (c) BWO output power as a function of circuit length. Beam
parameters are 6 A, 65 kV, and o = 1.0. Magnetic field and circuit radius are
12.341 kG and 0.2655 cm, respectively.

However, in general, linear theory can be used as an aid in the
determination of the initial unloaded circuit length. As a rule of
thumb, the total length of the unloaded section of the interac-
tion circuit plus one rf-field e-folding length in the loaded sec-
tion should not exceed the critical length for start oscillation as
predicted by linear theory for any problematic modes. As long

- as this condition is satisfied, the loaded section of the circuit can

be made as long as necessary to obtain the required gain. This
does not imply that the loaded section can be made arbitrary long

~ since the trade off, of course, is a reduction in bandwidth due to
_beam velocity spread, particularly, at the high frequency end of

the bandwidth. . .

The circuit geometry of the present design is shown in Fig. 3.
This includes the input coupler taper, the uniform interaction
circuit, and a nonlinear output uptaper. The collector (not
shown) follows the nonlinear output taper and also serves as
the 1f output waveguide. The interaction circuit radius is 2.72
mm with a total length of 27 cm; the first 22 cm of which
have a cold circuit loss of 3.45 dB/cm at 35 GHz for the TE;;
operating mode. The rf attenuation in the lossy section of the
circuit is accomplished via a diffractive coupling technique.
This approach permits the aggressive cooling that would
be necessary for high average power operation. The desired
distributed loss is achieved by using an array of three thin
axial slots equally spaced in azimuth (120°). These slots are
radial rectangular waveguides through which a fraction of the
propagating power is extracted and then dissipated in dielectric
loads. It is important to note and easy to show analytically that
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Fig. 3. Circuit geometry and magnetic field pfoﬁle of the amplifier design; ¢
Also shown is the spatial power profile at 35 GHz fora 6 A, 70kV, & = 0.7
electron beam with guiding center radius of 0.121 cm. Interaction circuit radius -

is 0.272 cm.

T

a0 b . _

(dB)

20

Reflection

& Mode Col

=30

-40

i

S | EPRITURPR B 1

M 35 36

50

- .
33 38 3 4

Frequency (GHz)

Fig. 4. Return loss and mode conversion of the TE;, operating mode to the
dominant TE; 2 and TM;; modes from the nonlinear uptaper shown in Fig. 3.

the use of the three-slot configuration essentially ensures the
- integrity of the TE;; operating mode polarization, which is
critical from the beam-wave interaction standpoint. This is also
confirmed with simulations using Ansoft’s High Frequency
Structure Simulator. It should be pointed out that axial slots
were first-employed in a gyro-TWT by Wang er al [17],
to control instabilities but with minimal perturbation to the
operating mode. For the present application, in addition to
controlling spurious oscillations, the goal is also to attain a
specific loss rate for the operating mode. In this context, the
loading scheme is more similar to that used in the successful
NRL/Industrial high-average power gyro-klystron amplifier

[18], [19], though there are significant differences due to

the traveling wave excitation of the slots. Further details of

~
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" Fig.5. Axial power profile of the two dominant converted modes at 35 GHz,

~ TEy2 and TMy,, as a percentage of the total power in- the nonlmear uptaper.
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- Fig. 6. Electrode proﬁles, potential contoufs, megnetic field profile, and

the loading scheme will be presented in a future publication.

However, we note that the high average power compatible
loading scheme employed in the lossy section will also provide
approximately 4.25 dB/cm loading for the problematic second
harmonic gyro-BWO TE;; mode (~56 GHz). Also shown
in Fig. 3 is the rf-power profile at 35 GHz for a 6 A, 70 kV,
o4 0.7 electron beam. The magnetic field profile is also

shown in this figure for illustration.

The nonlinear output taper is shaped to minimize reflection of
the operating mode arid mode conversions. Reflection and mode
conversion across the band simulated with MAGY is plotted in
Fig. 4. Return loss from the nonlinear output uptaper is better
than —20 dB over most of the band, which'is necessary to avoid

particle trajectories of the double-anode magnetron injection gun design.

spurious oscillation and also to ensure a reasonably high start
oscillation current for the TE;;; gyro-monotron like mode in
the unloaded section of the interaction circuit. This instability
has previously been described in [9] and is caused by trapped rf
waves between the interface of the loaded and unloaded section

- on the left and the reflection from uptaper on the right. Conse-

quently, good matching reduces the quality factor of the cavity
and, hence, increases the start oscillation current. Also shown
in Fig. 4 is the TE;; mode conversion into the two dominant
modes, TE;2 and TMy;. The axial profile of the power in these
modes as a percentage of the total rf power at 35 GHz is plotted
in Fig. 5. It is important to note that, at the peak, power in the
TE;2 mode is only 0.5% of the total rf power. This low level
of higher order TE mode content reduces the level of excitation
of these modes in the nonlinear uptaper due the presence of the
modulated beam [14].

The electron beam to be used with this amplifier is produced
by a magnetron injection gun (MIG). The MIG was designed
using the EGUN trajectory code [20] and employed the same
design methodology as described in [21]. Fig. 6 illustrates the
electron gun design, which shows the gun electrode profiles,

' the electron beam trajectory, and the magnetic field profile. The

magnetic field is shaped using an existing fourteen coil super-
conducting magnet and two room temperature gun coils [22].
The nominal beam voltage and current are 70 kV and 6 A, re-
spectively, as tabulated in Table I. The beam velocity ratio, a, is
adjusted by varying the mod-anode voltage. This is illustrated
by Fig. 7, which shows the beam velocity ratio and perpendic-
ular velocity spread as a function of mod-anode voltage for a
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TABLE I
NOMINAL MAGNETRON INJECTION GUN DESIGN PARAMETERS

Beam Current 6A
Anodé Voltage 70kV
Mod-anode Voltage 24 kV
Velocity Ratio 0.71
Perpendicular Velocity Spread 3.25%
Beam Guiding Center 121 mm
Cathode Angle 60°
Cathode Loading (at 6A) 4.8 Alem?
Peak Field Stress 73 kV/em
Magnetic Compression Ratio 16 ‘
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Fig. 7. Beam velocity ratio (solid line) and perpendicular velocity spread
(dashed line) as a function of mod-anode voltage for the MIG design shown
in Fig. 6

6 A, 70 kV electron beam. Most of the contribution to the per-

pendicular velocity spread is induced by phase mixing in the

adiabatic compression region. As thé beam phase mixes in the

presence of the dc space charge, it undergoes a transition from -

a laminar state, where the space charge potential is axially peri-
odic, to a nonlaminar (completely mixed) state, where the space
charge potential is uniform. The spatially periodic space charge
field breaks the constancy of the magnetic moment resulting
in an increase of the beam velocity spread [23]. This effect is
confirmed with the MAG code, which has béen developed for
analyzing beam velocity spread induced by dc space charge in
MIGs [23]. This is shown in Fig. 8, where the evolution of the
beam perpendicular spread as a function of axial distance from
both EGUN and MAG are compared with good agreement. The
beam-guiding centeris at 1,21 mm with a magnetic compression
ratio of 16. This choice of beam guiding center is a result of a

K

20 -2 | R 40
CZem)

'_ Fig.8. ~ Comparison of the evolution of the beam perpendicular velocity spread
" - in the adiabatic compression region between EGUN and the space-charge

phase mixing code, MAG [19], for the MIG des1gn shown in Fig. 6. Agreement
_indicates increase is due to space-charge phase mlxmg Final beam parameters

B are6A 70kV, and o = 0.7.

trade off between the beam-wave interaction strength and beam
velocity spread. Since space charge phase mixing is a dominant
~contributor to beam velocity spread, a smaller beam-guiding
" center results in a larger beam velocity spread, ‘which will ad-

versely impact the amplifier bandwidth. - :

The lengths of the loaded and unloaded sections of thls cir-
cuit have been selected to satisfy stability constraints, overall
amplifier gain and efficiency requirements, as well as thermal |
loading issues for high average power operation. For instance,
an unloaded section that is too short will reduce the gain, but if
too long will reduce the bandwidth due to beam velocity spread.
For the loaded section, stability constraints dictate the maximum
length, whereas thermal issues and electronic efficiency deter-
-mine the minimum length. The choice of circuit geometry must
also be considered in conjunction with the magnetic field pro-
file and the beam velocity ratios. In general, the higher the beam
velocity ratio and magnetic field, such that the beam line ap-
proaches or exceeds the grazing (barely touching) intersection
with the dispersion line, will lead to higher gain and wider band-
width. The risk here, of course, is the excitation of the absolute
instability as the relativistic cyclotron frequency approaches the
cutoff frequency of the operating mode. For the distributed loss
scheme, since the loss in the loaded section can greatly increase
the start oscillation threshold, this can be advantageously em-
ployed. In this particular design, the magnetic field is kept near
or slightly above grazing in the relatively long loaded section of
the circuit to broaden the rf bandwidth, and the magnetic field is
tapered down in the short unloaded section to avoid the onset of
instability. Of course, the beam current and velocity ratio must
always be selected to satisfy stability criteria globally.

The magnetic field profile employed in the present design is
as shown in Fig. 3. The magnetic field strength is 12.1 kG in
the loaded section of the circuit (22 cm long). This is followed
by a —4% taper in the remaining 5 cm unloaded section of the
circuit. At a beam voltage of 70 kV and a circuit radius of 2.72
mm, magnetic field strength of 12.1 kG corresponds to approx-
imately 101, 100, and 99.4% of the grazing magnetic field for
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Fig. 9. MAGY predicted constant-drive bandwidths for the gyro-TWT
amplifier design with a 6 A, 70 kV electron beam at three different beam
velocity ratios for circuit shown in Fig: 3. Assumed beam perpendicular
- velocity spread is 4%. Input powers are 0.18, 1.8, and 14.5 W for beam velocity
ratios of 0.8, 0.7, and 0.6, respectwely

beam veiocity ratios of 0.6, 0.7, and 0.8, respectively. The cor-
responding rf power profile at 35 GHz fora6 A, 70kV, o = 0.7
electron beam is also shown in Fig. 3 for illustrative purposes.

The calculated performance for this gyro-TWT design fol-

lows. Fig. 9 illustrates the bandwidths for a 6 A, 70 kV beam
at three different beam velocity ratios (o) with an assumed per-
pendicular velocity spread of 4%. The peak output powers are
922, 76.8, and 57.9 kW corresponding to electronic efficien-
cies of 22, 18.3, and 13.8%, for beam velocity ratios of 0.8, 0.7,
and 0.6, respectively. The corresponding 1 dB bandwidths are
2.5, 3.3, and 3.9 GHz, respectively, at constant drive powers of
0.18, 1.8, and 14.5 W. It should be emphasized that the band-
width curves shown in Fig. 9 are obtained by simply changing
the beam velocity ratio. This demonstrates the flexibility of this
design in selecting the appropriate power/bandwidth character-
istics for particular radar applications.

Note that the 1 dB bandwidth is listed above rather than the
more typical 3 dB bandwidth. The gain flatness in the present
design is achieved by taking advantage of the distributed
loss approach, which allows operation near or above grazing
in the loaded section without going unstable. As previously
mentioned, operation in this regime permits the increased

bandwidth. This is especially critical for realistic electron

beams with finite velocity spread since velocity spread tends
to reduce the gain at the high frequency edge of the band. This
is due to the shorter axial wavelength at higher frequencies,
which accentuates the negative effects of the beam velocity
spread. The overall effect of velocity spread on amplifier
bandwidth is illustrated in Fig. 10. In this figure, constant drive
(1.8 W) bandwidths for a 6 A, 70 kV electron beam are shown
for several perpendicular velocity spreads. As expected, it is
readily noted from this figure that the impact of velocity spread
at the low frequency edge is minimal and is more pronounced
at the high frequency edge. Moreover, it can be observed from
this figure that the gain for the high frequency edge in the
ideal beam case (no spread) is slightly higher than for the
low frequency end. This is a consequence of the choice of the
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Fig. 10. Effect of beam velocity spreads on ampliﬁer performance for circuit
shown in Fig. 3. Beam current, voltage, and velocity ratio are 6 A, 70 kV, and
0.7, respectively. Input power is 1.8 W for all cases.
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Fig. 11. Drive curves at several frequencieé fora 6 A, 70kV electron beam for

- circuit shown in Fig. 3. Beam velocity ratio and perpendicular velocity spread

are 0.7 and 4%, respectively.

magnetic field profile discussed earlier and, in part, due to the
frequency dependence of the loading scheme.

In addition to the velocity spread effects, the bandwidth is
also dependent on input power. Specifically, in the gyro-TWT
interaction the gain is strongly dependent on the synchronism
between the beam and the rf wave. Consequently, the saturated
gain at each frequency within the band is different. In general,
the closer the synchronism condition is met, the higher the gain.
Shown in Fig. 11 are several drive curves at different frequencies
for a 6 A, 70'kV electron beam with « = 0.7 and a 4% per-
pendicular velocity spread. It can be seen from this plot that the
frequency with the highest saturated gain is 35 GHz, which is
the grazing frequency for the unloaded section. This type of plot
is quite useful to guide the selection of the correct input power
to optimize the power-bandwidth product and the gain flatness.
Fig. 12 illustrates the constant drive bandwidths corresponding
to Fig. 11 atseveral input powers. The bandwidth curve for 1.8 W
of drive power is the same as that shown in Fig. 9 and is selected
forits combined power-bandwidth product and gain flatness.
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Fig. 12. Constant drive bandwidths for several input powers beam for circuit

shown in Fig. 3. Beam parameters are 6 A, 70kV, a = 0.7,and Av, /v, = 4%..
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Fig. 13. Spatial profile of integrated rf power absorbed by the load in the lossy
section of the saturated amplifier (Fig. 3) at 36 GHz witha 6 A, 70kV, @ = 0.7
electron beam. The total peak power absorbed by the load is approximately 8
kW. Most of which is toward the end of the lossy section.

Since the gyro-TWT will be used as the transmitter power am-
plifier for radar systems, the amplifier must be zero-drive stable
at the operating point. This means that rf excitation is absent
without drive power. For the magnetic field profile and beam pa-
rameters employed in this design, the start oscillation currents
for the second harmonic TEy; gyro-BWO (~56 GHz) and the
reflective TE;; oscillation at o« = 0.8 (the highest velocity ratio

employed in the design) are 21 and 11.5 A, respectively, en-"

suring zero drive stability. At 11.5 A, this threshold is almost
a factor of two higher than the design operating current of 6 A.
This conservative design provides a safety margin in order to en-
sure stability in the actual implementation of the amplifier due
to uncertainties in load reflections or cold tube loss rates.

A key issue for the amplifier design in the context of high
average power operation is the dissipation of the rf power ab-
sorbed in the loaded section of the interaction circuit. Since the

1f wave grows exponentially, aggressive cooling for the last por-.

tion of the loaded section will be required. This is illustrated in
Fig. 13, which shows the integrated peak power that must be dis-
sipated in the loaded section for the nominal beam parameters

- 13

(6 A, 70 kV, 4% perpendicular spread) at '3‘6 GHz. Thls figure
_indicates that approximately 1.75 kW of peak rf power must be
dissipated in the last 1/2 cm of the loaded section. At 20% duty,

this corresponds to greater than 400 W/cm? on the circuit wall.
For simple copper wall, this level of wall loading can be reason-'
ably cooled with present technology. However, if the loading

. is achieved with a lossy material coating, thermal cycling fa-

tigue is a serious concern. Furthermore, the loaded region will
also act as a heat sink for any reflected rf waves resulting from

mismatches downstream from the interaction circuit. For these

reasons, a diffractive loading scheme using an azimuthal array -

* of axial slots extracting power to extemal ceramlc loads will be

employed as previously mentioned.

III SUMMARY

In this paper, a Ka-band  gyro- TWI de51gn to serve as
the transmitter power amplifier for radar systems has been

presented The amplifier will operate in the circular TE;; mode

at the fundamental harmonic. The design has been performed

.using the self-consistent three-dimensional code, MAGY.

The design has been optimized in terms of power-bandwidth

product and gain flatness using the distributed loss approach

pioneered by National Tsing-Hua University, Taiwan. To
optimize the gain flatness and maximize the output power, a
magnetic field at or near grazing is set in the loaded section
(22 cm) followed by a —4% taper in the remaining 5 cm of the
conducting wall section. Peak powers of 92.2, 76.8, and 57.9
kW have been obtained for a 6 A, 70 kV electron beam with
beam velocity ratio of 0.8, 0.7, and 0.6, respectively, assuming

. a perpendicular velocity "spread of 4%. The corresponding

1 dB t)andw1dths are 2.5, 3.3, and 3. 9 GHz, respectively,
with gain of 57.1, 46.3, and 36.0 dB. At & = 0.8, the start
oscillation currents dre 11.5 A for the TE;; mode and 21 A for

the TEy; gyro-BWO mode. This conservative design ensures

zero drive stability in the actual realization of the amplifier.

To accommodate high average power operation, a diffractive

loading scheme will be employed.

In conclusion, a high-average-power compatible, Ka-band,.
gyro-TWT amplifier design for radar applications has been pre-
sented. The peak power/bandwidth characteristics can be signif-
icantly altered simply by changing the beam velocity ratio. This
capability provides the flexibility to tailor the rf output charac-
teristics to any particular radar application.
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